The recently developed Williamsburg equation of state (EOS) for detonation products is used in the one-dimensional ZND model for the reaction zone of a condensed explosive. This appears to be the first time a realistic EOS, capable of describing entropy and temperature changes accurately, has been incorporated into the ZND model. The unreacted explosive is described by a new Parsafar-Mason-Vinet EOS so that both phases receive the best thermodynamic treatment currently available. Results for the two extreme inter-phase assumptions regarding the thermal interaction of the reactant and product phases are presented and discussed.
INTRODUCTION
The thermodynamic behaviour and interaction of the reactant explosive and its products within the reaction zone are of crucial importance to the detailed structure of a detonation wave, and to its propagation. The reacting material within the reaction zone should therefore be described by realistic thermodynamics. The traditional assumption is that the reacting material can be regarded as a mixture of two phases, one consisting of the as yet unreacted explosive and the other of the detonation products. The problem of the thermodynamics of the reacting material is thereby simplified into finding appropriate equations of state @OS) for the separate phases.
Early treatments used the polytropic equation for both unreacted explosive and detonation product gases, often with the same polytropic index. This EOS is unsuitable for liquids and solids, and is not in agreement with experiment. The Jones-Willcins-Lee (JWL) EOS is much more flexible, but assumes the Griineisen gamma coefficient is constant, and is not a complete equation of state, so that temperature and entropy cannot be calculated without a subsidiary crude assumption, for example that the heat capacity is a constant, which is never true.
The new WILLIAMSBURG (WBG) EOS for detonation products, proposed by Byers Brown and Braithwaite [1, 2, 3, 4, 5] , is unusual in giving the specific energy E as a function of the specific volume V and the specific entropy S, and is therefore a complete EOS, embracing both mechanical and thermal properties, particularly well suited for describing adiabats and shocks. The comparatively small number of parameters it involves can be found by fitting the principal adiabat calculated from an ideal detonation code, for example IDeX [6] , incorporating a sophisticated EOS based on statistical mechanics and intermolecular potentials. The WBG fits of energy, pressure, temperature, adiabatic and Griineisen gamrnas and heat capacity, are highly satisfactory for a wide range of explosives.
The inter-phase condition determining the thermal interaction between the reactant and products, and the increase of entropy in the reaction zone, are especially featured and discussed.
ZND MODEL
We start from the basic one-dimensional conservation equations [l l] and the reactive EOS,
3) where p = l N is the density, D the detonation speed, P the pressure, E the specific energy, and the zero subscript indicates the initial state. For a given value of D, provided the EOS relations are given, the equations can been solved numerically. In our paper, standard NAG (Numerical Algorithms Group) Library subroutines are employed to solve them.
EOS IN REACTION ZONE
Typically, the reacting material in the reaction zone is taken to be an ideal mixture of unreacted explosive and reacted product. Therefore their EOS S determine the overall reactive EOS in the reaction zone according to an assumed mixing rule and the inter-phase conditions. The EOSs which are used in the calculations are as follows.
EOS for unreacted explosive
The PMV EOS [6] is a complete EOS,best definedin terns of Helmholz free energy A(T,V), which can be deduced from the following equations for the pressure where the pi, Ci, and 8 (the thermal pressure coefficient) are constants. This basic form can be extended by the addition of further terms as required by the experimental data available.
EOS for reaction products (a) WILLIAMSBURG (WBG)
This is a complete EOS with variables V, S which can be written in the simple form
with where v = V/VO is the reduced volume and o is a reduced entropy factor defined by
with n the moles per unit mass, R the gas constant, and where aj, pj, 3,6j are constants, and usually the number of terms for an adequate fit is M=2.
(b) JONES-WILKINS-LEE (JWL)
This is an incomplete EOS which can be written either in the form P=P(E,V) or alternatively as where again v = V/Vo, and aj, ej, y are constants, and usually M = 2, although here also the equation has been extended to a larger number of terms. It is postulated to be valid over the whole PV-plane. The familiar JWL equation for the pressure along an isentrope can be recovered by integrating the adiabatic differential equation dE+PdV=O.
MIXING RULE AND INTER-PHASE CONDITIONS

Mixing Rule
As in the usual treatments, a linear phase mixing rule is assumed for all extensive properties, so that v = ( I -~) v , + x v , , (4. l. 1) E = (1-~)E,+xE,, (4.1.2) where X and g denote the explosive and the gaseous products.
Inter-phase Conditions
To solve the equations, two further assumptions are needed to relate the two phases, which we call the inter-phase conditions. The f i s t condition, as usual, is mechanical equilibrium: P = P , =P,. 3) The two inter-phase conditions (a) and (b) are extreme cases. The first one indicates that the rate of heat conduction is infinite so that the two phases are always in thermal equilibrium. The second indicates there is no heat conduction between the unreacted explosive and the reaction products. Clearly, the actual situation will be somewhere in between these two extremes.
CALCULATION AND RESULTS
We use an ANFO explosive consisting of ammonium nitrate with 6% of a hydrocarbon (po = 0.85 glcc) as an example. The end-point of the reaction zone in ZND theory is the Chapman-Jouguet (CJ) state (h=l), which according to the IDeX ideal detonation code [6] for this explosive has pressure PCjz5.60 GPa, specific volume Vcj=0.864 cc/g, and detonation speed D=5.02 kmls. The WBG EOS for the products is constrained to have exactly the same CJ state, and the remaining parameters are fitted by a least squares procedure to the IDeX principal adiabat. -
Fig2 is based on the assumption of the thermal isolation of the unreacted explosive phase, so the specific volume curve for the explosive is the adiabatic expansion from the Neumann point VN. It can be seen that the specific volume of the product phase is very close to the principal adiabat of the products which passes through the CJ point, so that unlike the thermal equilibrium case, very little additional entropy is created by the pre-U expansion.
---WBG It is not possible to use the JWL EOS for the gaseous products with the assumption of thermal equilibrium, since temperature is not defined. However, it can be used assuming thermal isolation of the explosive. It turns out that with JWL parameters chosen to make the CJ point agree exactly with that of the IDeX code (and therefore with that of the WBG EOS), there is no appreciable difference between the JWL and WBG individual specific volume curves. 
DISCUSSION
The WBG is a complete EOS. It allows the temperature and the change of entropy to be calculated. The results show that while there is always a large increase of specific entropy on going from the explosive to products, in the case of thermal isolation the subsequent production of entropy in the reacted phase is very small because there is no heat conduction between the two phases. On the other extreme assumption there is an increase of entropy due to heat transfer from the hot products to the unreacted explosive. Heat conduction is essential for initiation, as pointed by Nutt [12], and the actual situation must lie between the two extremes.
The IWL can only be employed assuming thermal isolation, as the temperature is not defined.In this case its predictions do not differ dramatically from the more accurate WBG EOS. However, it cannot be used in more sophisticated calculations, for example, one in which the entropy production is minimized to find the balance between the two extreme assumptions, or another in which the heat transfer equation is coupled to the one-dimensional conservation equations and solved simultaneously.
